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HIGHLIGHTS 


►  CNTs/LiFeP04  composite  was  prepared  by  in-situ  chemical  vapor  deposition  method. 

►  It  shows  superior  electrochemical  performance  over  the  mechanical  mixture. 

►  The  interface  bonding  between  LiFeP04  and  in-situ  synthesized  CNTs  are  excellent. 
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In  this  paper,  carbon  nanotubes  (CNTs)  are  added  in  order  to  investigate  their  influence  on  the  electronic 
conductivity  of  LiFeP04  cathode.  CNTs/LiFeP04  composites  are  prepared  by  in-situ  chemical  vapor 
deposition  method  and  the  traditional  mechanical  mixture  method  respectively  in  order  to  investigate 
the  influence  of  CNTs  as  an  additive  on  the  electrochemical  performance  of  LiFeP04  cathode.  The  particle 
morphology  and  electrochemical  performances  of  the  CNTs/LiFeP04  composites  are  characterized  and 
compared  with  commercial  cathodes,  LiFeP04  mixed  with  carbon  black.  The  in-situ  synthesized  CNTs/ 
LiFeP04  composite  by  chemical  vapor  deposition  method  maintains  full  retaining  ratio  after  100  cycles  at 
1C  and  94.5%  retention  after  20  cycles  at  IOC,  which  precede  the  CNTs/LiFeP04  composite  fabricated  by 
the  mechanical  mixture  method  as  well  as  the  commercial  cathode.  The  enhanced  electrochemical 
performance  is  due  to  the  excellent  interface  bonding  between  LiFeP04  and  CNT  in  in-situ  synthesized 
CNTs/LiFeP04  composites.  The  interface  benefits  the  electronic  conductivity  of  the  composites,  as  well  as 
the  polarization  reduction. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  iron  phosphate  (LiFePO^  LFP),  once  discovered  [1],  has 
been  considered  as  one  of  the  most  promising  cathode  materials  for 
lithium-ion  battery.  The  main  advantages  of  LiFeP04  are  flat  voltage 
profile,  good  electrochemical/thermal  stability,  relatively  low  cost 
for  synthesis,  and  environmental  compatibility  with  less  toxic  than 
LiCo02  and  Li2Mn03  [2,3].  However,  its  low  electronic  conductivity 
and  lithium-ion  diffusivity  across  the  LiFeP04/FeP04  interface 
restrict  its  electrochemical  kinetics  during  the  charge/discharge 
process,  especially  in  high  current  density  situations.  Extensive 
efforts  have  been  performed  to  improve  its  electrochemical 
performance  over  decades,  which  can  be  classified  into  the 
following  categories:  particle  size/shape  optimizing  [4-9]  and 
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porousness  morphology  [10,11],  different  cations/anions  doping 
[12-14],  as  well  as  coating  or  admixing  LiFePCH  particles  with 
better  conductive  agents  [15-17]. 

Among  these  methods  used  for  improving  electrochemical 
properties  of  LiFeP04,  carbon  coating  is  one  of  the  most  frequent 
techniques  to  enhance  the  specific  capacity,  rate  performance,  and 
cycling  life  [18,19].  Carbon  nanotubes  (CNTs)  and  carbon  nanofibers 
(CNFs),  as  advanced  one-dimensional  carbon  materials,  are  used  as 
the  additives  with  the  properties  of  large  surface  area,  short 
diffusion  path  for  electron  transport,  and  high  electronic/thermal 
conductions  [20-22].  In  recent  years,  the  production  process  of 
CNTs  (CNFs)/LiFeP04  composite  materials  ranges  from  solid-state 
reaction  [23,24],  hydrothermal  route  [25]  to  sol-gel  synthesis 
[11,26].  CNFs/LiFeP04  composite  cathodes  have  also  been  synthe¬ 
sized  via  microwave  pyrolysis  chemical  vapor  deposition  (CVD) 
method  and  CVD  method  combined  with  solid-state  reaction 
[27,28].  In-situ  CVD  synthesis  is  a  facile  way  to  product  CNTs/CNFs. 
It  has  the  advantage  of  forming  better  interface  between  the  CNTs/ 
CNFs  and  the  substrate  over  the  other  methods.  On  the  other  hand, 
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CNTs  have  better  conductivity  than  CNFs,  so  that  they  are  more 
likely  to  promote  the  electrochemical  performance  of  LiFeP04 
cathode  theoretically. 

In  the  present  work,  CNTs/LiFeP04  composite  powders  were 
synthesized  by  in-situ  CVD  method  first  time.  The  CNTs/LiFeP04 
composite  powders  by  the  traditional  mechanical  mixture  method 
are  also  prepared  as  the  comparative  sample.  Their  conductivity 
was  measured  via  four-probe  method  and  electrochemical 
impedance  spectra  (EIS).  The  electrochemical  performances  of  the 
CNTs/LiFeP04  electrodes  were  tested  and  compared  with  the 
performances  of  the  cathode  generally  used  in  the  commercial 
batteries.  Based  on  the  morphology  observation  of  each  sample,  the 
interface  effect  on  the  electrochemical  properties  of  LiFeP04  was 
analyzed.  The  results  are  helpful  in  fabricating  CNTs/LiFePCH 
materials  with  high-rate  capability  for  lithium-ion  batteries. 

2.  Experimental 

2.1.  Preparation  of  CNTs/LiFeP04  composites 

CNTslLiFeP04  Synthesized  by  in-situ  chemical  vapor  deposition 
method.  Firstly,  adequate  amounts  of  Co(N03)2-6H20  (99%  purity) 
as  the  catalyst  precursor  and  lithium  iron  phosphate  powder 
(Aleees,  D50  =  1.921  pm)  as  the  carrier  were  mixed  in  distilled  water 
in  the  mass  ratio  of  1 :200  (Co:  LiFeP04).  Then  sufficient  NaOH  (96% 
purity)  was  dissolved  in  distilled  water  and  added  slowly  to  the 
previous  mixture  with  constant  stirring  for  the  precipitation  of 
Co(OFI)2.  To  form  the  catalyst  precursor  supported  on  LiFePCH 
particles,  the  binary  colloid  (Co(OH)2/LiFeP04)  obtained  was 
washed,  dried,  ground,  and  calcined  in  an  Ar  atmosphere  at  200 
and  400  °C  continuously  for  2  h  each.  The  obtained  precursor 
powder  was  placed  in  a  quartz  boat  in  the  middle  of  a  tube  furnace 
and  reduced  at  450  °C  under  a  flow  of  100  seem  of  H2  for  1  h,  fol¬ 
lowed  by  the  CNTs  growth  at  675  °C  in  a  gas  mixture  of  7  seem  of 
C2H2  and  350  seem  of  Ar  for  30  min.  Lastly,  the  sample  (marked  as 
CNTs/LFP-1)  was  slowly  cooled  to  room  temperature  under  Ar 
protection. 

CNTs/LiFeP04  prepared  using  the  mechanical  mixture  method. 
Dispersant  (Hexadecyldimethyl  (3-sulfopropyl)  ammonium 
Flydroxide  Inner  Salt,  TCI)  was  dissolved  in  distilled  water  at  50  °C, 
followed  by  slowly  adding  CNTs  (Chengdu  Organic  Chemicals  Co. 
Ltd.,  >95%  purity)  and  LiFeP04  powder  into  it.  The  mixture  was 
then  dispersed  ultrasonically  for  30  min.  After  filtration,  drying, 
and  calcination  at  500  °C  in  Ar  atmosphere  for  1  h  to  remove  the 
dispersant,  the  composite  powder  (marked  as  CNTs/LFP-2)  was 
obtained. 

In  order  to  make  clear  the  effect  of  CNTs  on  the  electrochemical 
performances  of  LiFeP04  electrode,  the  comparative  sample,  which 
is  generally  used  in  the  commercial  batteries,  was  made  by  mixing 
raw  materials  and  conductive  acetylene  black  (carbon  black,  CB)  in 
the  weight  ratio  of  80:10  (marked  as  CB/LFP).  It  has  the  same  carbon 
content  with  CNTs/LFP-1  and  CNTs/LFP-2  through  carbon  and  sulfur 
analyzer  testing  (approximately  13%). 

2.2.  Characterization 

The  microstructure  and  morphology  of  the  composite  powder 
were  investigated  by  field  emission  scanning  electron  microscope 
(FESEM,  HITACITI S4800)  and  high-resolution  transmission  electron 
microscope  (HRTEM,  PHILIPS  TECNAI  G2  F20).  The  phase  identifi- 
cation  of  products  was  carried  out  using  X-ray  diffraction  (XRD, 
Rigaku  D/max-2500,  Cu-Ka  radiation)  in  the  20  range  from  15°  to 
80°.  In  addition,  the  carbon  content  of  products  was  measured  by 
high  frequency  infrared  carbon  and  sulfur  analyzer  (Beijingwld, 
CS-910B). 


2.3.  Electrochemical  measurements 

The  coating  slurry  comprises  as-obtained  composite  powder 
and  polyvinylidene  fluoride  (PVDF)  binder,  which  were  mixed  in 
N-methylpyrrolidone  (NMP)  in  the  weight  ratio  of  90:10.  After 
3—4  h  of  stirring,  the  slurry  was  spread  on  Al  foil  current  collector 
and  dried  under  vacuum  at  110  °C  overnight.  The  CR2032-type  coin 
cells  were  assembled  in  an  Ar-filled  glovebox  using  metallic  lithium 
as  anode,  1  M  LiPF6  solution  in  ethylene  carbonate  (EC)/ethyl 
methyl  carbonate  (EMC)/dimethyl  carbonate  (DEC)  (1:1:1  in 
volume)  as  electrolyte,  and  Celgard  2300  porous  polypropylene 
film  as  diaphragm. 

The  cells  were  galvanostatically  charged  and  discharged  under 
different  current  densities  between  2.0  V  and  4.3  V  (vs.  Li/Li+)  using 
a  CT2001A  cell  test  instrument  (LAND  Electronic  Co.)  where  1C 
corresponds  to  170  mA  g_1.  Cyclic  Voltammograms  (CV)  were 
conducted  between  2.5  V  and  4.3  V  at  0.1  mV  s-1  using  a  CHI660D 
electrochemical  workstation.  Electrochemical  Impedance  Spec¬ 
troscopy  (EIS)  measurements  were  made  using  electrochemical 
workstation  (PARSTAT2273,  Priceton)  in  the  frequency  range  of 
100  kHz  to  0.01  Hz.  The  electronic  conductivity  of  the  samples  was 
measured  by  using  the  four-point  probe  method.  All  tests  were 
carried  out  at  room  temperature. 

3.  Results  and  discussion 

The  first  charge/discharge  curves  of  the  CB/LFP  and  CNTs/LFP 
samples  at  the  current  rate  of  0.1  C  are  shown  in  Fig.  1.  As  there  is  no 
capacity  in  carbon,  all  samples  exhibit  capacities  less  than  theo¬ 
retical  value.  The  discharge  capacities  of  Sample  CB/LFP  and  CNTs/ 
LFP-1  reach  up  to  161.2  and  160.1  mAh  g_1  respectively.  For  Sample 
CNTs/LFP-2,  the  value  is  only  155  mAh  g~\  The  flat  plateaus  can  be 
observed  both  in  charge  curves  (3.46  V)  and  discharge  curves 
(3.40  V),  which  indicate  the  good  crystallization  of  LiFePCH,  in 
agreement  with  the  X-ray  diffraction  spectrum  (Fig.  2).  Although 
their  preliminary  treatments  are  different,  all  samples  present  very 
similar  XRD  spectrums  to  that  of  the  major  phase  of  orthorhombic 
LiFePCH  (JCPDS:  40-1499).  No  signs  of  crystalline  Fe2P,  Li3P04  or 
other  impurities  are  observed  in  the  X-ray  pattern.  This  manifests 
the  pureness  of  as-obtained  samples. 

The  charge  (Li  extraction)  and  discharge  (Li  reinsertion)  curves 
at  various  rates  are  presented  in  Fig.  3.  In  these  electrochemical 
tests,  all  samples  were  charged  at  0.1  C,  and  discharged  at  current 


Fig.  1.  First  charge-discharge  profiles  of  carbon/LiFeP04  composite  samples. 


266 


X.  Sun  et  al.  /  Journal  of  Power  Sources  220  (2012)  264-268 


O) 

-C 

< 

E 


o 

CD 

Q_ 

CD 

O 

o 

4= 

*o 

CD 

Q_ 

CO 


220 
200 
180 
160 
140 
120 
100 
80 
60 
40 
20 
0 

0  20  40  60  80  100 


j. 


o  CB/LFP 
★  CNTs/LFP-1 
a  CNTs/LFP-2 


1C 


***** 


. . 


r  ****** 


10C 


Cycle  Number 


Fig.  4.  The  cyclic  performance  of  carbon/LiFeP04  composites. 


rates  of  0.1  C,  1C,  2C,  5C,  and  10C.  At  relatively  low  current  rates 
(0.1  C,  1C,  2C,  5C),  the  Sample  CNTs/LFP-1  maintains  almost  the 
same  capacity  with  the  Sample  CB/LFP,  while  the  capacity  of 
Sample  CNTs/LFP-2  decreases  intensively.  It  is  noteworthy  that  the 
Sample  CNTs/LFP-1  also  gives  the  highest  capacity  at  high  current 
density.  During  10C  rate,  a  discharge  capacity  of  101  mAh  g-1  can  be 
obtained  for  the  Sample  CNTs/LFP-1,  while  for  Sample  CB/LFP  and 
CNTs/LFP-2,  the  values  rapidly  drop  to  84  and  43  mAh  g_1.  The 
high-capacity  at  large  rate  illustrates  a  faster  electronic  conduc¬ 
tivity  and  lithium-ion  diffusivity  in  Sample  CNTs/LFP-1.  The  cyclic 
performance  of  carbon/LiFePCU  cathodes  are  shown  in  Fig.  4.  The 
capacities  of  the  three  samples  are  136.1, 144.8,  and  120.4  mAh  g-1, 
respectively,  and  the  retaining  ratios  are  95%,  100%,  and  92%  after 
100  circles.  The  cycle  data  at  1C  strongly  indicates  an  excellent 
cycling  stability  for  the  Sample  CNTs/LFP-1.  Moreover,  unmatched 
reversibility  of  this  composite  cathode  is  also  demonstrated  at 
higher  current  density.  The  Sample  CNTs/LFP-1  exhibits  an  excel¬ 
lent  capacity  (97.2  mAh  g_1,  94.5%  retention)  after  20  cycles  at  10C 
over  the  other  two  samples. 

On  the  other  hand,  the  polarization  presented  in 
current-voltage  profiles  suggests  the  electrochemical  kinetics.  The 
fifth  circles  of  three  samples  are  shown  in  Fig.  5.  In  each  cycle,  the 
main  anodic  peak  and  cathodic  peak  can  be  found,  corresponding 
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Fig.  3.  The  rate  capacity  of  carbon/LiFeP04  composites. 


to  the  two-phase  charge/discharge  reaction  of  the  Fe2+/Fe3+  redox 
couple.  The  Sample  CNTs/LFP-2  is  advantageous  to  the  cathode 
performance  due  to  a  smaller  voltage  interval  between  its  anodic 
and  cathodic  peaks  than  that  between  the  Sample  CB/LFP’s. 
However,  the  fatal  drawback  of  the  reversibility  restricts  its 
development.  Among  these  three  samples,  CNTs/LFP-1  has  the 
smallest  potential  difference  between  symmetrical  redox  peaks 
(0.220  V)  and  the  highest  peak  currents,  indicating  it  has  the 
smallest  electrode  polarization  and  the  best  electrode  kinetics. 
Moreover,  the  redox  reaction  is  more  quickly  and  completely  in 
Sample  CNTs/LFP-1  due  to  its  better  conductivity.  Consequently, 
there  is  much  more  proportion  of  active  material  reacting  in  the 
Sample  CNT/LFP-1  compared  to  the  Sample  CB/LFP  under  the  same 
potential  sweep  rate,  which  causes  the  phenomenon  that  the  area 
of  CV  peaks  measured  with  Sample  CNTs/LFP-1  is  much  smaller 
than  that  measured  with  Sample  CB/LFP. 

It  is  known  that  the  electronic  conductivity  is  one  of  the  key 
factors  to  affect  the  electrochemical  performances  of  the  electrode. 
The  electrochemical  performance  improvements  (including  high- 
rate  capacity  enhancement,  cycle  performance  promotion  and 
electrode  polarization  decrease)  of  the  in-situ  CVD  sample  could  be 
greatly  attributed  to  the  high  electronic  conductivity  of  the  sample. 
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Table  1 

Electronic  conductivity  (S  cm-1)  of  different  samples. 


Raw  material 

CB/LFP 

CNTs/LFP-1 

CNTs/LFP-2 

1.75  x  1(T3 

0.284 

0.615 

0.188 

Table  2 

The  impedance  parameters  of  equipment  circuits. 

Sample 

Rs 

(Q  cm-2) 

^SEI 

(Q  cm-2) 

Re 

(Q  cm-2) 

Ret 

(Q  cm-2) 

W 

(S  sec0  5  cm"2) 

CB/LFP 

2.875 

75.34 

131.5 

54.97 

0.02374 

CNTs/LFP-1 

2.665 

107.5 

100.6 

17.51 

0.01834 

CNTs/LFP-2 

2.521 

129.7 

120.4 

23.62 

0.008263 

Therefore,  the  electronic  conductivity  of  the  samples  is  investigated 
in  the  following. 

The  electronic  conductivity  values  of  different  samples  are  listed 
in  Table  1.  The  electronic  conductivity  of  the  three  as-obtained 
samples  is  several  orders  of  magnitude  larger  than  that  of  raw 
LiFePCU.  Sample  CNTs/LFP-1  has  the  highest  conductivity.  This 


a 


advantage  of  the  in-situ  synthesized  sample  over  the  mechanically 
mixed  one  may  result  from  a  more  homogeneous  contact  between 
CNTs  and  LFP  of  the  composite  formed  during  the  process  of  in-situ 
CVD  growth. 

EIS  measurements  were  performed  under  the  open-circuit 
voltage  of  each  cell  and  the  potentiostatic  signal  amplitude  of 
20  mV.  The  cells  were  activated  five  cycles  at  0.1  C  before  testing. 
The  parameters  of  equipment  circuit  in  impedance  spectra  were 
simulated  by  ZSimpWin  3.00  and  the  results  are  listed  in  Table  2. 
According  to  the  schematic  diagram  of  the  composite  material 
(Fig.  6(a)),  the  impedance  spectra  of  all  samples  are  combinations  of 
depressed  semicircles  in  high  frequency  region  and  straight  lines  in 
low  frequency  region,  as  shown  in  Fig.  6(b).  The  intercept  at  x  axis 
corresponds  to  the  ohmic  resistance  (Ks),  which  includes  the  elec¬ 
trolyte  resistance,  particle  contact  resistance  and  other  physical 
resistances.  The  depressed  semicircle  in  high  frequency  relates  to 
the  Li-ion  migration  resistance  (1?sei)  through  SEI  film  formed  on 
cathode  surface.  The  following  depressed  semicircles  indicate  the 
electron  transport  resistance  (fte)  [29],  then  the  charge  transfer 
resistance  (Rct)  in  intermediate  frequency  area.  The  oblique  line  in 
low  frequency  area  denotes  the  Warburg  impedance  (W),  which  is 


Fig.  6.  (a)  Schematic  diagram  of  the  CNTs/LFP-1  composite  material;  (b)  the  AC  impedance  spectra  of  carbon/LiFeP04  composites. 


Fig.  7.  SEM  and  HRTEM  pictures  of  raw  LiFeP04  powder  (a),  CNTs/LFP-1  (b,  d,  and  e),  and  CNTs/LFP-2  (c  and  f).  Inset  in  (b)  and  (d)  show  the  magnifying  image  of  the  growing 
fishbone-like  CNTs. 
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associated  with  lithium-ion  diffusion  in  active  material.  Since  the 
major  difference  in  electron  transport  resistance  among  samples  is 
the  carbon/LiFeP04  interface  resistance,  the  noticeable  decrease  of 
Re  illustrates  in-situ  synthesis  of  CNTs  is  an  effective  method  to 
reduce  the  interface  resistance.  At  the  same  time,  the  decrease  of 
interface  resistance  leads  to  a  rise  of  electron  concentration  at  the 
interface  per  unit  time.  Because  of  the  increase  of  electron 
concentration,  the  electron  transfer  speed  in  LiFePC^  gets  faster, 
and  hence  FePCU/LiFePC^  phase  reaction  becomes  more  quickly. 
This  could  result  in  the  diminution  of  Rc t.  In  general,  the  decrease  of 
Re  and  Rc t  demonstrates  the  electronic  conductivity  has  been 
improved  in  working  cathode,  which  is  in  agreement  with  the 
tendency  discovered  in  the  study  of  powder  conductivity. 

In  order  to  investigate  the  mechanism  of  electronic  conductivity 
promotion,  the  morphologies  and  structures  of  the  samples  were 
observed  by  the  scanning  electron  microscopy  and  the  trans¬ 
mission  electron  microscopy.  SEM  images  show  that  the  original 
powder  consists  of  micro-sized  secondary  particles  with  agglom¬ 
eration  (Fig.  7(a)).  CNTs  can  be  observed  on  the  surface  of  LiFePCU 
powders  after  the  CVD  (Fig.  7(b))  and  mechanical  mixture  process 
(Fig.  7(c)).  The  CNTs  obtained  via  CVD  are  dispersed  on  the 
substrate  uniformly,  whose  length  range  from  tens  to  hundreds  of 
nanometers.  TEM  images  taken  reveal  more  details  of  the  nano¬ 
products.  The  obtained  CNTs  are  multi-walled  CNTs  composed  of 
about  20  graphite  layers  and  have  a  tubular  structure  with  the 
average  diameter  of  25  nm,  as  shown  in  Fig.  7(d).  The  interlayer 
space  of  CNTs  is  about  0.3438  nm,  corresponding  to  the  lattice 
distance  between  the  (002)  planes  of  graphite.  Fig.  7(e)  and  (f) 
illustrate  a  better  interface  between  CNTs  and  LiFeP04  substrate  in 
the  CNTs/LFP-1  sample  than  that  in  the  mechanical  mixture. 

It  has  been  widely  confirmed  that  all  parts  of  the  Li+-electron 
path  have  to  be  capable  of  sustaining  capacity,  and  electron 
transport  is  a  more  influential  determining  factor  than  Li-ion 
delivery.  CNTs  additive  provides  less  value  to  Re  and  Rct  than 
carbon  black  does  because  CNTs  facilitate  the  electron  transport, 
thus  being  considered  as  a  better  conductive  additive  [30]. 
Compared  with  traditional  mechanical  mixing,  CNTs  synthesized 
by  in-situ  CVD  is  able  to  build  a  homodispersed  three-dimensional 
network,  which  is  beneficial  to  reducing  the  electrode  polarization 
of  batteries  and  constructing  a  better  interface  as  well.  The  compact 
integration  at  the  interface  will  open  the  way  for  building  atom 
connections,  then  chemical  bonding  between  surface  C  atoms  and 
O  atoms  from  P04  tetrahedral  units  as  previous  reported  [31]. 
Therefore,  we  speculate  that  the  in-situ  CVD  synthesis  promotes 
the  charge  transfer  across  the  interface  by  establishing  a  tighter  and 
more  uniform  connection,  leading  to  the  reduction  of  the  charge 
transfer  resistance  and  the  increase  of  the  electronic  conductivity. 
Owing  to  the  increased  electronic  conductivity  and  the  improved 
electrochemical  performance,  the  in-situ  synthesis  of  CNTs/LiFeP04 
composite  will  help  bring  a  bright  future  to  fast-charge  Li-ion 
battery  cathode  materials. 

4.  Conclusion 

CNTs/LiFeP04  composite  cathodes  were  produced  using  in-situ 
chemical  vapor  deposition  method  and  the  traditional  mechanical 
mixture  method.  The  improvements  of  the  electrochemical 


performance  of  LiFePC^  cathodes,  including  high-rate  capacity, 
cycle  stability  and  electrode  polarization,  are  obtained  by  the  in- 
situ  CVD  synthesis.  The  enhanced  electrochemical  performance  is 
due  to  the  superior  electronic  conductivity  which  results  from  the 
excellent  interface  binding  in  in-situ  synthesized  CNTs/LiFePCU 
composites.  Further  achievement  of  the  in-situ  CVD  synthesis  can 
be  expected  in  fast-charge  lithium-ion  batteries. 
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